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Relativistic Hartree- Fock-Wigner-Seitz band calculations have been performed for the
actinide metals Ac through Am in order to estimate 5f excitation energies. Our calcula-
tions predict that the tetravalent state (i.e., four s-d conduction electrons) is favored for
the lighter elements with a crossover to a trivalent ground state occurring near uranium.
We find the Coulomb energy, U, for 5f electron hopping to increase from 2—3 eV at Th to

4-5 eV at Am.

The 5f electrons of the actinide metals are of
considerable interest for the study of magnetism
since they are less localized than the 4f states
of the rare earths but less itinerant than transi-
tion-metal 3d electrons. One quantity particular-
ly relevant to magnetic behavior is the Coulomb
term U, the energy required for an extra mag-
netic electron to hop onto an atomic site. In this
Letter we report the first theoretical estimates
of U for the light actinides, Ac through Am. U
is found to increase across the series, consis-
tent with the view® that the 5f electrons become
more localized with increasing atomic number.
Essential to the calculations are estimates of 5f
excitation energies, which are interesting in
light of recent x-ray photoemission studies® of
thorium, uranium, and some of their oxides; in
anticipation of further experimental progress we
also report estimates of these 5f excitation en-
ergies. We employ a computational scheme®
which has been quite successful in predicting 4f
excitations in the rare-earth metals and, as ex-
perimental data become available, ‘it will be in-
teresting to assess the applicability of the method
to the actinides.

Central to the present investigation is the ne-

glect of hybridization between the 5f and the 6d-

Ts conduction electrons. The 5f states are de-

generate with the conduction bands and hybridiza-
tion is assuredly significant in these metals?'; but
our aim is to estimate the excitation energy of a
single 5f electron as a function of 5f occupation
number, and for this purpose it is essential to
keep the 5f’s distinct from the conduction elec-
trons by setting hybridization equal to zero. The
atomic configuration 57" 6d "~'7s is assumed ap-
propriate to the metal, and we perform calcula-
tions for varying 5f occupancy n (with a concom-
itant change in the valence m to preserve charge
neutrality). » is confined to integral values so
that atomic spectral data may be used to esti~
mate correlation effects. Band calculations*"©
are performed, and by permitting the 6d and Ts
counts to be nonintegral, the bands and their as-
sociated charge densities are iterated to crude
self-consistency.® The total Hartree-Fock band
energy E,,q and one-electron energies €; are
evaluated. During the calculations the positions
and widths of the occupied f levels are moni-
tored. The level widths decrease with increasing
atomic number; for example, they are 2 eV and
0.7 eV for trivalent Th and Am, respectively.

1395



VOLUME 34, NUMBER 22

PHYSICAL REVIEW LETTERS

2 JunE 1975

Depending on 5f count and atomic number the f
levels lie either above or below the Fermi ener-
gy, €r, indicating whether the configuration is
stable, as we will see in Fig. 1.

In estimating the excitation energy of a 5f elec-
tron we make the assumption, invoked® in analo-
gous calculations for the rare earths, that the
hole created by the removal of an f electron (ei-
ther in a photoemission event or when the f elec-
tron hops to an adjacent site) will be “completely”
screened, i.e., that the final state of the atomic
cell is electrically neutral. We estimate the en-
ergy of the final state through a band calculation
for a metal with one fewer 5f electron and one
more conduction electron than the initial state.
The description of the final state is crude but
has the virtue of being well defined and computa-
tinally tractable. Identifying A. as the energy
necessary to so excite a 5f electron into the con-
duction bands, we have

A =Epera( [ 1dS)™) = E e f"(ds)™) , (1)

where E ., represents the total energy per atom
of the metal. Since we are not capable of calcu-
lating correlation in the metallic state, we make
use of the free-atom correlation-energy differ-
ence, &
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FIG. 1. Values of A_(f"—f"") and e - €4 for the di-
valent, trivalent, and tetravalent configurations of the
actinides. Reliability of the spectral information enter-
ing the A. estimates is indicated by the different cir-
cles.
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The first bracket in the last line of Eq. (2) is supplied by experimental spectral data for atomic con-
figurations of integral s and d (as well as f) counts most closely corresponding to the band results. Un-
der the assumption that ¢ is a good approximation for correlation effects in the metal and with use of
our relativistic Hartree-Fock (RHF) band calculations of the total energy, Eq. (1) becomes

A= E+Epupg(F77Hds)™ ) = E popa(f"(ds)™).

A_ results for both divalent and trivalent initial
states are shown in Fig. 1. A striking aspect of
the figure is that A_ based on the trivalent con-
figuration changes sign from negative to positive
between uranium and neptunium, implying that
the tetravalent metallic state is stable relative
to the trivalent from thorium to uranium and that
thereafter the trivalent state is favored. Thus,
noting the predicted ground-state valence, a well-
defined 5f level does not appear before Pa, in
contrast to the progressive filling of the 4f shell
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from Ce onward in the lanthanide series. Figure
1 predicts the energies of empty 5f states as
well; the negative of A_(f"* —f") is to be inter-
preted in our scheme as the energy above €y of
an unoccupied 5f level (/" denoting the ground
state).

The spectroscopic data” are uncertain for many
configurations; this affects the reliability of the
£® and A_ values, as Fig. 1 indicates; for tetra-
valent states the data are too poor for A_ esti-



VOLUME 34, NUMBER 22

PHYSICAL REVIEW LETTERS

2 JuNE 1975

I I I T I ]
50 o ONE-ELECTRON ENERGY DIFFERENCE |
’ e TOTAL ENERGY DIFFERENCE
+ ATOMIC SPECTRAL DATA P~
— ESTIMATE o
= - -5
= 3.0 e
) A
o < /
I e e —
e
1.0 — ]
| | | | 1

Th Pa U Np Pu Am

FIG. 2. Values for the Coulomb term, U, based on
trivalent reference states. U,y is obtained from
atomic spectral data. Estimates of U for the metals
are obtained from Fig. 1 and are based on the A. re-
sults or their one-electron analogs, €p—€x.

mates. The center of gravity of the occupied 5f
levels is €;,; measured with respect to the Fer-
mi energy it provides an alternative approxima-
tion for the excitation energy. Except perhaps
for Am, the most rare-earth-like of the elements
studied here, Fig. 1 shows rather good agree-
ment between ep—€,,and A_. This is in corntrast
to the rare earths, for which e; - ¢, predicts
much larger excitation energies than A_; of the
two predictions, A_ agrees with experiment for
the rare earths.

The energy cost® for a 5f electron to hop from
one atom to another while maintaining charge
neutrality is, for a trivalent reference state,

Uatomic
=E(f"'ds)+ E(f""ds) - 2E(f"d®s);  (3)

this is readily obtained from the spectral infor-
mation. Our estimate for the metal is

U:A_(fn__fn'l)_A_(fnﬂ "f"), (4)

which is simply the distance between adjacent
curves in Fig. 1. U ,,omi values, obtained from
experimental spectral data, and U values, ob-
tained from Fig. 1, are presented in Fig. 2. Both
estimates are seen to increase from Th to Am.
Johansson!® has also estimated U,,,mp;c; his re-
sults agree with ours except for Am. Herring
made use of atomic data to estimate U~5-6 eV
for the rare earths, in accord with experiment.!!
Consequently, the present results reinforce the
view that the 5f electrons of the lightest actinides
are similar to the itinerant 3d electrons of the
transition metals, while at Am the local charac-
ter of the rare-earth 4f states is almost attained.

Finally, we note that the main effect of hybrid-
ization will be to change the 5f occupancy to some
nonintegral value. If the occupancy were deter-
mined, the corresponding 5f excitation energy
could be deduced by simple interpolation of the
results appearing in Fig. 1. Hybridization is not
expected to modify significantly our conclusions
in regard to U.
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It is shown on the basis of isospin arguments that the deformation parameter g, for 2*
first excited states is expected to be a function of the external field producing the transi-
tion. This is contrary to the usual assumption based on the collective model that 8 is an
intrinsic property of the nucleus and is, therefore, the same for all kinds of transitions.
Data available in the literature support the expectation.

It is usually assumed a p7iovi for lack of better
information that the deformation parameter g for
excitation of a collective state is independent of
the means of excitation. This idea stems directly
from the usual collective model, where the neu-
tron and proton matter distributions are assumed
to have the same shape. The purpose of this note
is to point out, however, that a systematic differ-
ence in the deformation parameter 3, is expected
when the first excited 2* collective state of nuclei
is excited by different external fields. Several
authors! have pointed out from the point of view
of a microscopic model that (p,p’) and (n,n’)
might be rather different because of a difference
between n-n or p-p and n-p forces. Spin-depen-
dent forces are not very effective in exciting the
these states, and the spin-independent n-p force
is much stronger than the n-n or p-p forces.

This fact is taken into account in the optical mod-
el of elastic scattering by the Lane potential®
V,T+t/A, which has the effect of making the nucle-
ar potential deeper for protons than for neutrons
in neutron-excess nuclei. However, when the col-
lective model is then applied to inelastic scatter-
ing of 2" states, the deformed optical potential
may fail badly in describing the excitation pro-
cess.
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As an example of the expected failure consider
a nucleus like *°Zr, which has the N =50 neutron
shell closed. In an extreme shell-model picture
the 2* vibration would involve just the protons
filling the 29-50 shell, which would be excited
much more strongly by neutrons than by protons.
On the other hand the deformed optical potential
would inappropriately describe the difference be-
tween (z,n’) and (p,p’) in terms of the neutron
excess and would therefore be greater for proton
projectiles. In reality both the neutron and pro-
ton closed shells participate rather strongly
through AN = 2 transitions, and these transitions
give rise to large corrections to the shell-model
amplitudes expressed in terms of polarization
charges. Because core polarization reduces the
isovector amplitude and enhances the isoscalar
amplitude, the collective-model picture of the ex-
citation, whose strength is represented by the
intrinsic parameter 3, is nearly recovered. How-
ever, it is expected that some residue of the
shell effect will remain, so that the parameter 8
will be different when measured by different kind
kinds of transitions.

A convenient parametrization of the expected
differences based on the collective model can be
made by use of different deformation parameters



